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Abstract

The identification and quantification of chitinolytic activity in microorganisms is critical
for advancing biological control strategies against arthropod pests and fungal pathogens.
However, current laboratory methods designed for fast detection of chitinolytic microorgan-
isms are often time-consuming, produce low-quality results and lack sensitivity. Here, we
report the development of a novel fluorogenic culture medium incorporating a chemically
modified chitinase substrate, N-fluoresceyl poly-D-glucosamine, which allows for a highly
sensitive chitinase assay, enabling both qualitative and quantitative fluorescent detection
of chitinase activity in situ. This substrate is synthesized through covalent conjugation of
poly-D-glucosamine with fluorescein isothiocyanate under alkaline conditions, resulting in
an insoluble polymer that becomes fluorescent upon enzymatic hydrolysis by chitinases.
When supplemented with culture media, the modified fluorogenic substrate serves as
the sole carbon source, selectively supporting the growth of chitinolytic microorganisms.
Enzymatic activity is visualized under longwave UV light and can be quantitatively mea-
sured via spectrophotometric (493 nm) or fluorometric (530 nm) methods. Validation using
characterized entomopathogenic chitinolytic strains of the fungi Aspergillus flavus, Beauveria
bassiana, and Metarhizium anisoplice demonstrated a detection sensitivity that was at least
three orders of magnitude greater than that of conventional methods. In contrast, the
non-chitinolytic fungi Penicillium notatum and Fusarium venenatum presented no detectable
fluorescent signals. This fluorogenic medium provides a rapid, cost-effective, and highly
sensitive tool for screening chitinolytic microorganisms with potential applications in
agriculture, veterinary parasitology, and environmental microbiology.

Keywords: chitinase activity; fluorescence assay; fluorogenic substrate; chitinolytic
microorganisms; Aspergillus flavus; biological control; N-fluoresceyl poly-D-glucosamine;
entomopathogenic fungi

1. Introduction

Chitin is the second most abundant natural biopolymer on Earth after cellulose and
is composed of N-acetyl-D-glucosamine units linked by (3-1,4 glycosidic bonds [1]. It is
a structural component of arthropod exoskeletons, fungal cell walls, and particular algal
species [2]. Microorganisms capable of degrading chitin, collectively known as chitinolytic
microorganisms, produce chitinases (EC 3.2.1.14), a group of enzymes that hydrolyze chitin
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into oligomers and monomers of N-acetyl-D-glucosamine. These organisms play pivotal
roles in nutrient recycling, pathogenesis, and, more importantly, the biological control of
arthropod vectors and phytopathogens [3].

Chitinases are found in several microorganisms, perform a variety of roles in nature,
and are well documented in bacteria and fungi [4]. Fungal chitinases exhibit exoactivity
based on the cleavage pattern of chitin, a molecular mass varying from 40 to 60 kDa, and
exhibiting one catalytic domain [5].

In addition to bio pest control, chitinases have industrial value as enzymes in the
biotechnology industry, with a constant search for new chitinases useful in various chitin
fermentation procedures designed for different fungal species [6]. Chitinases can be applied
in several sectors, such as the food and pharmaceutical industries, medicine, agriculture,
and environmental management [7]. The treatment of residues containing chitin, such as
shrimp, lobster, and crab shells, allows for the obtainment of products with added value
that minimize the impact on the natural environment [8].

Chitinolytic fungi, particularly those with entomopathogenic properties, have been
increasingly explored as eco-friendly alternatives to chemical pesticides in agriculture
and public health [9]. However, one of the significant limitations in the screening and
characterization of new chitinolytic microorganisms isolated from natural sources is the
lack of sensitive, rapid, and quantitative detection methods [10]. Classic chitinase assays
are designed as a medium for the culture of living microorganisms, based on colloidal
chitin agar and visualization of hydrolysis halos or simply by observing the actual growth
on chitin-based media; these methods are labor-intensive, and often yield false negatives,
particularly for slow-growing or low-activity strains of fungi [11,12].

There are colorimetric and fluorescent laboratory methods suitable for the assess-
ment of chitinase enzymatic activity in partially purified extracts from microorganism
cultures [13,14]; however, these procedures rely on laboratory methods and specialized
equipment performed on partially characterized fungal strains and are not suitable for
screening unknown fungi from natural sources [15,16]. To address this gap, we developed
a novel fluorogenic substrate, N-fluoresceyl poly-D-glucosamine, by covalently linking flu-
orescein isothiocyanate to poly-D-glucosamine. This substrate allows the selective growth
of chitinolytic microorganisms from natural sources without prior characterization. This
method enables the simultaneous detection of chitinase activity through the release of
a fluorescent signal upon enzymatic hydrolysis of the modified chitinase substrate. The
resulting culture medium enables both visual detection under UV light and quantitative
measurements via fluorometry and spectrophotometry, significantly improving the sen-
sitivity of chitinolytic microorganism identification. This study describes the synthesis,
formulation, and application of a novel fluorogenic medium, demonstrating its utility when
model entomopathogenic fungi are cultured in it. This approach offers a practical and cost-
effective tool for screening chitinolytic microorganisms from natural sources with potential
applications in microbial ecology, biocontrol agent discovery, and industrial biotechnology.

2. Materials and Methods
2.1. Tick and Fungal Strains

Engorged female Rhipicephalus microplus ticks of the INIFAP strain were obtained as
previously described [17]. Some of the collected ticks presented natural and recurrent fungal
infections, as previously reported [18]. Fungi-infected ticks were identified by their dark cuticle
color and the presence of fungal mycelium and conidiophore growth (Figure 1). Fungal spores
were collected and cultured on Sabouraud agar in Petri dishes as reported previously [15].
The isolated fungi were identified by morphology and genome sequencing and added to the
fungal collection on INIFAP as previously reported [10]. Other fungal strains used during
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these experiments and provided by the INIFAP fungal collection included Penicillium notatum,
Beauveria bassiana, Fusarium venenatum, and Metarhizium anisopliae.

2.2. Microorganisms and Inoculation

Aspergillus flavus INIFAP-2021 strain, an entomopathogenic strain previously isolated
from Rhipicephalus microplus [15], was used as a model organism. The spore suspen-
sions were prepared in sterile distilled water containing 0.05% Tween 20 and adjusted to
1 x 10° spores/mL. One hundred microliters of the spore suspension were inoculated into
10 mL of fluorogenic medium and incubated at 25 °C for 48 h. Penicillium notatum, Beauveria
bassiana, Fusarium venenatum, and Metarhizium anisopliae were also inoculated under the
same conditions. No inoculated media served as negative controls for fluorescence readings.

2.3. Chemicals and Reagents

Poly-D-glucosamine (>95% purity), fluorescein isothiocyanate (FITC), sodium bicar-
bonate (NaHCO3), chitinase from Streptomyces griseus and lysozyme from chicken egg, and
all other analytical-grade reagents were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Phosphate-buffered saline (PBS, pH 7.2) was prepared with Na,HPO,4, NaH,POy,
and NaCl. Peptone was obtained from Becton Dickinson (Franklin Lakes, NJ, USA).

2.4. Synthesis of N-Fluoresceyl Poly-D-Glucosamine

The fluorogenic substrate N-fluoresceyl poly-D-glucosamine was synthesized by
dissolving poly-D-glucosamine in 0.1 M sodium bicarbonate buffer (pH 8.3) at room tem-
perature. FITC was added at a weight-mass ratio of 1:200 (FITC 5 mg: poly-D-glucosamine
1000 mg), and the mixture was stirred gently for 1 h in the dark. The resulting product was
centrifuged at 3000 rpm for 5 min and washed three times with 0.1 M NaHCO3, and the
final sediment was collected and stored at 4 °C in the dark (Figure 1).
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Figure 1. Schematic representation of the covalent conjugation reaction between poly-D-glucosamine
and fluorescein isothiocyanate (FITC) under alkaline conditions to generate the fluorogenic substrate
N-fluoresceyl poly-D-glucosamine. The isothiocyanate group of FITC reacts with the free amino
group of poly-D-glucosamine, forming a stable thiourea bond. The resulting modified polymer
remains insoluble and becomes fluorescent upon enzymatic hydrolysis by chitinases, enabling
selective growth and fluorescence-based detection of chitinolytic microorganisms in culture media.

2.5. Preparation of the Fluorogenic Culture Medium Domposition

The fluorescent fungal culture medium substrate was resuspended in phosphate-
buffered saline (PBS, pH 7.2). The final composition served as the base additive for the
selective fungal culture medium prepared with base compositions containing N-fluoresceyl
D-glucosamine at a final concentration of 5 g per 100 mL supplemented with peptone at
a 1:1 (v/w) ratio. The resulting media were sterilized by autoclaving under conditions
compatible with the stability of the fluorogenic compound.
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2.6. Qualitative Detection of Chitinolytic Activity

After incubation, the cultures were visually inspected under a longwave UV lamp
(365 nm) to assess fluorescence in the supernatant as a proxy for chitinase activity. The
fluorescence intensity was qualitatively graded on a scale from “none” (-) to “strong” (+++).

2.7. Quantitative Analysis of Chitinase Activity

Aliquots (5 uL) of culture supernatant were analyzed via a NABI UV /VIS micro-
volume spectrophotometer (MicroDigital Co., Seoul, Republic of Korea) at 493 nm for
absorbance and 530 nm for fluorescence emission via a Quatus® fluorometer (Promega;
Madison, WI, USA). The enzymatic activity was expressed as units per mL (U/mL), where
one unit was defined as the amount of enzyme releasing one pmol of fluorescein per hour.

2.8. Statistical Analysis

The experiments were performed in quadruplicate. The results are reported as the
means =+ standard deviations (SDs). Statistical comparisons were made via Student’s ¢ test,
with significance set at p < 0.05.

3. Results
3.1. Experimental Fungal Infection of Engorged Female Ticks

To reproduce and document the infection process of Aspergillus flavus in Rhipicephalus
microplus, adult engorged females were artificially inoculated in the laboratory as pre-
viously described [10]. Ticks were immersed for 10 min in a suspension containing
1 x 107 spores/mL of A. flavus and incubated for 15 days at 28 °C and 80% relative humid-
ity. Progressive fungal infection was observed on the tick cuticle and eggs, resembling the
natural aspergillosis previously described in field-collected samples. Early infection stages
were characterized by the appearance of small, homogeneously distributed plaques on the
chitinous cuticle of ovipositing females (Figure 2A). As the infection advanced, extensive
mycelial growth and conidiophore formation became evident, and the conidia propagated
to the egg masses (Figure 2B,C). Microscopic examination confirmed mycelial penetration
through the chitin shell of infected eggs, revealing the complete developmental cycle of A.
flavus on tick tissues (Figure 2D).

3.2. Visual Detection of Chitinolytic Activity

After 48 h of incubation at 25 °C, cultures of Aspergillus flavus INIFAP-2021 in the fluo-
rogenic medium presented a distinct fluorescent signal in the supernatant when exposed to
longwave UV light (365 nm), indicating enzymatic hydrolysis of the N-fluoresceyl poly-
D-glucosamine substrate. The fluorescence intensity was scored as strong (+++), whereas
the noninoculated control media showed no detectable fluorescence (), confirming the
specificity of the substrate for microbial chitinase activity (Table 1).

Table 1. Visual and Quantitative Assessment of Chitinase Activity in Culture Supernatants.

Inoculum Type Fluorescence Relative Units Optical Density at 493 nm (£SD) Chitinase Activity (U/mL)
Aspergillus flavus 176 0.36 & 0.012 5.14
Bauveria bassiana 135 0.32 +0.011 4.02
Metarhizium anisopliae 122 0.29 £+ 0.010 3.77
Penicillum notatum 3 0.005 + 0.004 0.02
Fusarium venenatum 1 0.002 4 0.001 0.01
Negative Control - 0.001 + 0.0001 0.001

(no inoculum)
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Figure 2. Different developmental stages of Aspergillus flavus infection in Rhipicephalus microplus.
(A) Early signs of infection on ovipositing engorged females show small, homogeneously distributed
plaques on the tick’s chitinous cuticle (arrow). Numerous eggs are visible in the image. (B) As
infection progresses, plaques evolve into extensive mycelial growth with conidiophores exhibiting
the characteristic morphology of the Aspergillus genus and propagating to the egg masses. (C) Tick
egg masses can sustain fungal development, showing visible mycelial and conidiophore structures.
(D) Light microscopy image of an infected egg showing mycelial penetration through the chitin shell
(objective 20 x).

3.3. Quantitative Measurement of Chitinase Activity

Spectrophotometric analysis of the culture supernatants revealed a marked increase
in optical density at 493 nm and fluorescence emission at 530 nm in inoculated samples
compared with those in controls. The calculated enzymatic activity reached 5.14 U/mL
for A. flavus INIFAP-2021 cultures, whereas that of the control samples remained below
0.001 U/mL. These results demonstrate a high signal-to-noise ratio and a sensitivity thresh-
old of at least three orders of magnitude compared with those of traditional halo-based agar
methods. These results demonstrate a high signal-to-noise ratio and a sensitivity threshold
that is at least three orders of magnitude greater than that of traditional halo-based agar
methods, confirming the specificity and catalytic efficiency of the fluorogenic substrate
when hydrolyzed by chitinases (Figure 3).

3.4. Reproducibility and Sensitivity

The results of the fluorogenic assay were consistent across all the replicates (n = 4),
with a low standard deviation (£0.012 OD units). The statistical significance in every case
exceeded two standard errors p > 0.005. Additionally, the method could detect chitinase
activity in microbial suspensions as low as 10° chitinolytic cells/mL, indicating high
analytical sensitivity suitable for screening low-density or slow-growing chitinolytic strains.
The fluorogenic medium consistently detected chitinase activity across all replicates and
fungal species tested, highlighting its robustness and analytical precision for screening
chitinolytic microorganisms from diverse origins (Figure 4).
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Figure 3. Hydrolysis rate of monomeric N-fluoresceyl D-glucosamine by 1 IU of purified chitinase from
Streptomyces griseus (Sigma Cat. No. C6137) and by 1 IU of lysozyme from chicken egg white (Sigma Cat.
No. L6976), which was used as a specificity control. Only the chitinase treatment produced a measurable
fluorescent signal, confirming the substrate’s selectivity for chitinolytic enzymes.
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Figure 4. Growth and detection of different fungal species in the selective fluorogenic medium.

(A) Culture plates inoculated with Metarhizium anisopliae, Beauveria bassiana, Aspergillus flavus, Penicil-
lium notatum, and Fusarium venenatum inspected under UV light after 72 h of incubation showing
distinct fluorescence only in chitinolytic strains. (B) Quantitative measurement of relative fluores-
cence units (RFUs) in culture supernatants confirming high enzymatic activity in entomopathogenic
species compared with non-chitinolytic controls.
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4. Discussion

Chitinase-producing microorganisms have long been recognized as valuable agents
for the biodegradation of chitin-containing substrates and for their potential use in the
biological control of pests and phytopathogens [3,19]. However, the development of
practical tools for their identification and enzymatic characterization remains a significant
bottleneck in both applied microbiology and industrial biotechnology. The fluorogenic
medium described in this study provides a novel and effective solution to this problem by
enabling qualitative and quantitative detection of chitinolytic activity in microbial cultures.

The conjugation of fluorescein isothiocyanate to poly-D-glucosamine results in a
fluorogenic substrate that is highly sensitive to enzymatic hydrolysis by chitinases. Unlike
traditional methods that rely on the visual detection of clearance halos on colloidal chitin
agar—which are often subjective and lack sensitivity—this system allows direct detection
of fluorescence in the supernatant with minimal background interference. The observed
increase in the signal-to-noise ratio (>1000-fold over control) represents a substantial
improvement over conventional assays, making it suitable for screening slow-growing or
weakly chitinolytic organisms that may be overlooked by standard techniques. A direct
comparison with conventional N-acetyl-D-glucosamine enzymatic assays was beyond the
scope of the present communication. However, this evaluation is planned for future work
currently in development by our group.

The ability to quantify chitinase activity in culture supernatants through either ab-
sorbance at 493 nm or fluorescence emission at 530 nm adds further analytical utility. This
dual-mode quantification allows researchers to adapt the assay to the available instrumen-
tation while maintaining high reproducibility. Furthermore, the assay was sensitive enough
to detect enzyme activity from inocula at concentrations as low as 103 cells/mL, suggesting
its application in early-stage microbial screenings or environmental sample analysis.

Notably, the model strain Aspergillus flavus demonstrated robust chitinolytic activ-
ity under the conditions tested, validating the practical utility of the substrate for ento-
mopathogenic fungi. Given that many biocontrol agents act through cuticle degradation
mechanisms, the method described here may serve as a functional screening tool for
selecting candidate organisms for agricultural, veterinary, or ecological applications.

Overall, this study introduces a low-cost, high-sensitivity assay that integrates micro-
bial selectivity with precise enzymatic quantification. Beyond its immediate applications in
microbiological screening, the approach could be adapted to high-throughput platforms or
microfluidic devices for industrial or diagnostic purposes. Further studies could explore its
compatibility with other chitinase-producing taxa and test its utility in environmental or
clinical samples.

5. Patents

A patent application related to this work was filed by and in favor of the Instituto
Nacional de Investigaciones Forestales, Agricolas y Pecuarias (INIFAP) as the sole bene-
ficiary. The patent is currently under second formal examination at the Mexican Patent
Office, under Application No. MX/a/2024 /001507, filed on April 22, 2024, entitled “Medio
fluorogénico selectivo de microorganismos quitinoliticos.”

Author Contributions: E.M.-M.: conceptualization, sample isolation, writing—original draft,
writing—review and editing; C.A.A.-P.: investigation, formal analysis; H.A.-D.: writing—review and
editing, data analysis; R.C.-B.: conceptualization, writing—original draft, writing—review and edit-
ing, funding acquisition, project administration. All authors have read and agreed to the published
version of the manuscript.
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The following abbreviations are used in this manuscript:

FITC Fluorescein isothiocyanate

INIFAP Instituto Nacional de Investigaciones Forestales, Agricolas y Pecuarias
PBS Phosphate-buffered saline

RFU Relative fluorescence units

SD Standard deviation

uv Ultraviolet

CONACYT Consejo Nacional de Humanidades, Ciencia y Tecnologia
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